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The modifying eﬀect of the building envelope on population
exposure to PM2.5 from outdoor sources
Abstract A number of studies have estimated population exposure to PM2.5 by
examining modeled or measured outdoor PM2.5 levels. However, few have
taken into account the mediating eﬀects of building characteristics on the
ingress of PM2.5 from outdoor sources and its impact on population exposure in
the indoor domestic environment. This study describes how building simulation
can be used to determine the indoor concentration of outdoor-sourced pollution
for diﬀerent housing typologies and how the results can be mapped using
building stock models and Geographical Information Systems software to
demonstrate the modifying eﬀect of dwellings on occupant exposure to PM2.5
across London. Building archetypes broadly representative of those in the
Greater London Authority were simulated for pollution inﬁltration using
EnergyPlus. In addition, the inﬂuence of occupant behavior on indoor levels of
PM2.5 from outdoor sources was examined using a temperature-dependent
window-opening scenario. Results demonstrate a range of I/O ratios of PM2.5,
with detached and semi-detached dwellings most vulnerable to high levels of
inﬁltration. When the results are mapped, central London shows lower I/O
ratios of PM2.5 compared with outer London, an apparent inversion of
exposure most likely caused by the prevalence of ﬂats rather than detached or
semi-detached properties.
J. Taylor1, C. Shrubsole1,
M. Davies1, P. Biddulph2, P. Das1,
I. Hamilton2, S. Vardoulakis3,
A. Mavrogianni1, B. Jones4,
E. Oikonomou2
1Bartlett School of Graduate Studies, UCL, London, UK,
2UCL Energy Institute, The Bartlett, UCL, London, UK,
3Centre for Radiation, Chemical and Environmental
Hazards, Public Health England, Oxfordshire, UK,
4Department of Architecture and Built Environment,
University of Nottingham, Nottingham, UK
Key words: PM2.5; Indoor air quality; Building stock model;
EnergyPlus; Geographical information systems.
J. Taylor
Bartlett School of Graduate Studies, UCL Central House
14 Upper Woburn Place, London WC1H 0NN, UK
Tel.: +44 (0)20 7679 2000
Fax: +44 (0)20 7679 7453
e-mail: j.g.taylor@ucl.ac.uk
Received for review 17 December 2013. Accepted for
publication 3 April 2014.
This is an open access article under the terms of the
Creative Commons Attribution License, which permits
use, distribution and reproduction in any medium, pro-
vided the original work is properly cited.
Practical Implications
Population exposure to air pollution is typically evaluated using the outdoor concentration of pollutants and does not
account for the fact that people in London spend over 80% of their time indoors. In this article, building simulation is
used to model the inﬁltration of outdoor PM2.5 into the domestic indoor environment for dwellings in a London
building stock model, and the results mapped. The results show the variation in relative vulnerability of dwellings to
pollution inﬁltration, as well as an estimated absolute indoor concentration across the Greater London Authority
(GLA) scaled by local outdoor levels. The practical application of this work is a better understanding of the modifying
eﬀect of the building geometry and envelope design on pollution exposure, and how the London building stock may
alter exposure. The results will be used to inform population exposure to PM2.5 in future environmental epidemiologi-
cal studies.
Introduction
Due to high volumes of traﬃc, a dense road network,
and proximity to major traﬃc hubs such as Heathrow,
London experiences a high level of outdoor PM2.5 air
pollution relative to the rest of the UK. Population
exposure to PM2.5 has been associated with negative
health eﬀects. In England, the fraction of mortality
attributable to anthropogenic particulate air pollution
in 2011 is estimated to be 5.36%, while in Greater
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London it is 7.17% (PHE, 2013). Earlier studies have
estimated that in London in 2008, PM2.5 caused
mortality equivalent to around 4000 deaths and that a
permanent 1 lg/m3 reduction in PM2.5 would add
400 000 years of life for the current population
(Miller, 2010). Internationally, PM2.5 is estimated to
cause about 3% of all mortality from cardiopulmo-
nary disease, about 5% of mortality from cancer of
the trachea, bronchus, and lung, and around 1% of
mortality from acute respiratory infections in children
under 5 years old (Cohen et al., 2005). While the total
PM2.5 emissions in the UK are predicted to decrease
by 25% by 2020 relative to 2009 levels, there is no
known ‘safe’ level of PM2.5 and there will continue to
be health risks associated with exposure (DEFRA,
2013).
A number of studies have examined the epidemio-
logical relationship between exposure to pollution and
negative health eﬀects [for example, Atkinson et al.
(2013) and Tonne and Wilkinson (2013)]. However,
these studies focus on outdoor pollution concentra-
tions and population health and do not account for
pollution in the indoor environment. Individuals in
developed countries spend the majority of their time
indoors; a study of pollution exposure in diﬀerent mic-
roenvironments in London found participants were
spending 80% of their time indoors, with 48–53% of
their time spent in their homes during summer and
winter, respectively (Kornartit et al., 2010). Therefore,
the indoor pollution levels have a signiﬁcant inﬂuence
on an individual’s exposure to pollution, and a build-
ing’s airtightness and the manner in which it is oper-
ated can have a major impact on pollution ingress
from the outdoor environment. Epidemiological stud-
ies typically use pollution measurements from urban
background monitoring stations or modeled outdoor
pollutant concentrations to estimate exposure; how-
ever, this may not oﬀer a true representation of the
exposure to a population spending time largely
indoors. Indeed, a study of population exposure to
PM2.5 in diﬀerent microenvironments found a good
correlation between residential indoor levels and per-
sonal exposures (Lai et al., 2004).
PM2.5 inﬁltration into buildings from external
sources will depend on a number of factors, including
the location, height, orientation, sheltering, and perme-
ability of the building envelope, building geometry, the
ventilation systems of the building, weather and urban
meteorology conditions such as urban street canyons,
and building occupant practices such as window open-
ing and heating. In addition to inﬁltration, concentra-
tions of PM2.5 in dwellings will be aﬀected by
emissions from indoor sources such as cooking, smok-
ing, as well as general domestic activities such as clean-
ing, dusting, and showering (Shrubsole et al., 2012).
Removal of PM2.5 from indoor and outdoor sources
from the indoor air can occur through exﬁltration,
deposition onto surfaces, and ﬁltration using mechani-
cal ventilation systems.
Examining the relationship between indoor and out-
door pollution levels can be performed using ﬁeld mea-
surements or through modeling approaches. A number
of studies have monitored the indoor concentration of
PM2.5 in diﬀerent countries [see Chen and Zhao (2011),
for a comprehensive review]. In the UK, there have
been ﬁeld studies measuring indoor PM2.5 in dwellings
with roadside, urban, and rural measurements (Jones
et al., 2000) and distance to major roads (Kingham
et al., 2000); studies comparing indoor UK levels to
other European cities (Hoek et al., 2008; Lai et al.,
2006); seasonal variations in indoor PM2.5 exposure
concentrations (Mohammadyan, 2005; Wheeler et al.,
2013); short-term temporal variations associated with
indoor activities (Gee et al., 2002; Wigzell et al., 2013);
and in the homes of individuals with respiratory
illnesses (Osman et al., 2007). A comparison between
diﬀerent building types by Nasir and Colbeck (2013)
monitored indoor PM2.5 levels in three diﬀerent types of
dwelling and found diﬀerences between them; however,
diﬀering occupant practices make it diﬃcult to isolate
the inﬂuence of the building on indoor PM2.5 levels.
Modeling methods have also been used to character-
ize the indoor concentration of PM2.5. Multizone mass
transport models can be used to calculate concentra-
tion levels in buildings for exposure assessments (Mil-
ner et al., 2011). Studies examining the inﬂuence of
ventilation and ﬁltration interventions (Emmerich
et al., 2005) and energy eﬃciency interventions (Das
et al., 2013) on indoor PM2.5 concentrations have been
performed using the CONTAM modeling tool. The
indoor PM2.5 concentration across a building stock has
been modeled using CONTAM for dwellings based on
Boston public housing developments (Fabian et al.,
2012) and the impact of energy eﬃcient refurbishments
in London’s domestic stock (Shrubsole et al., 2012).
While a number of studies have examined the rela-
tionship between indoor and outdoor air pollution lev-
els in dwellings, there has been little research on how
the relative inﬁltration of a geographically distributed
building stock can modify pollution exposure across an
urban area. Chen et al. (2012) used typical inﬁltration
rates of dwellings in US cities to estimate indoor expo-
sure to particulate matter in a study examining short-
term mortality rates; however, this study did not exam-
ine more local variations in building types and pollu-
tion levels. Furthermore, existing inﬁltration modeling
approaches have estimated ventilation according to a
schedule of activities without coupling behavior to
indoor conditions such as temperature. The research
presented here examines how the characteristics and
geographical distribution of residential building types
in the London building stock may aﬀect the exposure
levels of dwelling occupants to PM2.5 from exter-
nal sources. The whole-building simulation tool
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EnergyPlus 8.0 (US-DOE, 2013) was used to model the
inﬁltration of PM2.5 into the indoor environment for
dwellings broadly representative of the Greater Lon-
don area (GLA) building stock. Two diﬀerent scenar-
ios were considered to demonstrate the inﬂuences of
the building envelope and occupant practices: (i) pollu-
tion inﬁltration through cracks in the building fabric
only and (ii) inﬁltration through cracks and tempera-
ture-dependent window opening. In both cases, trickle
vents were included where appropriate, while extract
fans were excluded due to their intermittent use and
their assumed small contribution to time-averaged
indoor concentrations of outdoor PM2.5. Other
mechanical ventilation systems, such as mechanical
ventilation heat recovery (MVHR) or air conditioning
(AC), were ignored due to their rarity in the UK
domestic stock. The simulation results were used to
develop indoor/outdoor (I/O) ratios describing the
relationship between outdoor and indoor concentra-
tion of PM2.5. These functions were then applied to cal-
culate the indoor concentrations of outdoor-sourced
PM2.5 based on mapped external concentrations, tem-
poral variations, and geographical location of dwelling
types. The results were combined with existing PM2.5
pollution maps to understand how dwellings may aﬀect
population exposure to particulate air pollution.
Method
The research area selected was the GLA, an area
encompassing the 32 boroughs of London (Figure 1).
The area has good mapped coverage of building data
and has been the focus of both measured and modeled
studies of PM2.5 in outdoor air, with data on observed
or estimated outdoor PM2.5 levels available from a
range of sources. The diﬀerent inputs required for the
model and how they relate to the project workﬂow can
be seen in Figure 2. While the London population
spends a signiﬁcant amount of their time inside oﬃces
or buildings that are not their homes, commercial
buildings can have signiﬁcantly diﬀerent indoor pollu-
tion levels due to HVAC system operation, ﬁlters, and
complex building geometries. Spatial and archetype
information on the commercial building stock is not
widely available, and thus, this study focuses only on
dwellings.
Building archetypes
A total of 15 dwelling archetypes developed for studies
into overheating risk in London were used as a basis
for the EnergyPlus modeling of PM2.5 penetration
through the building envelope (Oikonomou et al.,
2012). This English Housing Survey (EHS) (DCLG,
2008), derived archetypes, with unique built form/age
classiﬁcations, represents 76% of the known dwelling
stock in the GLA according to the Geoinformation
Group (GG) Building Class Geodatabase (GG, 2013).
Building fabrics were modeled with U-values derived
for the building archetypes using the Standard Assess-
ment Procedure for Energy Rating of Dwellings (SAP)
(BRE, 2009), with the assumption that buildings have
Fig. 1 Research area: Greater London. Areas without dwelling information are shown in gray
641
The modifying eﬀect of the building envelope
the most frequently occurring building fabric types
according to the EHS. The building fabric can inﬂu-
ence the indoor temperature in dwellings (Mavrogianni
et al., 2012), which may lead to changes in the window
opening behavior of the building occupants. Internal
temperatures can also have an inﬂuence on airﬂow
dynamics at low wind speeds due to stack eﬀects. How-
ever, the overall eﬀect of variations in insulation levels
on yearly average indoor PM2.5 levels is expected to be
small, and so potential retroﬁts were ignored. Fabric
U-values for the building archetypes can be seen in
Table S1.
The permeability of the building archetypes was
determined using the methodology in the SAP docu-
mentation (BRE, 2009), which accounts for inﬁltration
through chimneys and vents, walls, ﬂoors, and win-
dows and increased inﬁltration in multistorey build-
ings. Inﬁltration rates were calculated for each building
in the EHS database (with and without any reduction
to the rate caused by party walls), and the mean for
each built form/age classiﬁcation of the archetypes in
the study determined. The inﬁltration rates were then
converted to a permeability using the ‘rule of 20’ speci-
ﬁed in the SAP methodology. The distribution of the
estimated permeabilities in the EHS was compared
with that of a ﬁeld measurement study (Stephen, 2000),
with good results.
Simulations were run with and without the presence
of trickle vents, and the results weighted according to
the estimated prevalence of the vents across the UK
building stock [all dwellings post-1990, and 5% of pre-
1990 dwellings (DECC, 2011)], assumed to be the same
as in London. A description of the building archetypes
and estimated permeability can be seen in Table 1.
Building simulation
Models of the building archetypes were developed in
EnergyPlus, a dynamic thermal simulation tool. Ener-
gyPlus version 8 can model airﬂow through buildings
using the validated AirﬂowNetwork tool and air pollu-
tion transport using the Generic Contaminant trans-
port algorithm. The advantage of using a coupled
dynamic thermal and contaminant model is that the
eﬀect of occupant window-opening behavior in
response to internal temperatures can be addressed
rather than using ﬁxed schedules. The EnergyPlus
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Fig. 2 Research workﬂow and data inputs
Table 1 Dwelling archetype descriptions and permeability estimated from the EHS and
SAP
Archetype
code Dwelling archetype
Age
bracket
Frequency in
stock, %
Estimated
permeability
(m3/h/m2 at 50 Pa)
H01 Late Victorian/Edwardian
Terrace (Large T)
1902–1913 15.4 17.2
H02 WW1 & WW2 Simple
Terrace
1914–1945 14.5 14.9
H03 WW1 & WW2 Large
Semidetached
1914–1945 8.8 16.1
H04 ‘60s & ‘70s Tall Purpose-
built Flats
1960–1979 5.7 16.2
H05 Late Victorian/Edwardian
Simple Terrace
1902–1913 5.5 17.2
H06 Post-War Tall Purpose-
built Flats
1946–1959 4.7 13.2
H07 Recent Tall Purpose-
built Flats
1980–2008 3.6 9.2
H08 Late Victorian/Edwardian
Simple Terrace (attic)
1902–1913 2.9 17.2
H09 WW1 & WW2 Bungalow 1914–1945 2.4 17.9
H10 ‘60s & ‘70s Simple
Terrace
1960–1979 2.4 12.3
H11 ‘60s & ‘70s Line-built
Walk-up Flats
1960–1979 2.3 9.8
H12 WW1 & WW2 Line-built
Walk-up Flats
1914–1945 2.1 10.1
H13 Recent Terrace with
Shop Below
1980–2008 2.1 12.2
H14 Post-War Step-Linked
Terrace
1946–1959 1.9 13.4
H15 Post-War Line-built
Walk-up Flats
1946–1959 1.8 11.6
642
Taylor et al.
Generic Contaminant model has undergone intermodel
comparison against the CONTAM model, with good
results (Taylor et al., 2013).
Indoor air simulations were run for the whole
year using a Prometheus Test Reference Year (TRY)
hourly weather ﬁle for Islington, Central London
(Eames et al., 2011), with an outdoor PM2.5 concen-
tration of 14.7 lg/m3 based on the 2010 average
background concentration for the GLA (London
Air, 2014). Simulations were run with four diﬀerent
orientations of the building (North, West, South,
and East). Flats were modeled as being on a middle
ﬂoor, with adjoining ﬂats to the sides, above, and
below. Dwellings with adjoining dwellings to the
sides (terraced dwellings, semi-detached, and ﬂats)
were assumed to have a net air and contaminant
ﬂow of zero between the dwellings, and party walls
were not modeled exposed to wind, sun, or polluted
external air. Dwellings with adjoining dwellings to
the top and bottom (ﬂats) were modeled with identi-
cal dwellings above and below and shafts between
levels to account for stack eﬀects. Terraced houses
were modeled as being mid-terrace with end terraces
considered to be semi-detached. Indoor PM2.5 levels
were output only for mid-ﬂoor ﬂats as these repre-
sent the majority of dwellings in purpose-built build-
ings. Local wind speeds were modeled according to
an urban terrain, while the solar and wind exposure
eﬀects of neighboring but unattached properties were
also taken into account.
The inﬁltration of air was modeled through cracks
in the externally exposed facades (walls, roofs, and
ground ﬂoors of the buildings) and, when open, win-
dows. An even distribution of permeability was
assumed across all surfaces, although the net airﬂow
across party walls was assumed to be insigniﬁcant at
normal operating pressures. Cracks were modeled at
the top and bottom of external walls to account for
diﬀerences in wind pressure according to the height
of the building. Vented cellars and lofts were placed
above and below the buildings, allowing free move-
ment of outdoor air into these spaces. Cracks in the
cellar ceilings and loft ﬂoors allowed air from the
cellar and loft spaces, respectively, to enter the
building based on the deﬁned permeability of the
envelope. In the case of ﬂats, air from the cellar and
loft entered the ground ﬂoor and top ﬂoor ﬂats,
respectively, and did not directly enter the studied
mid-ﬂoor ﬂat through these pathways. Internal walls,
ﬂoors, and ceilings were also given cracks, allowing
for the completion of the airﬂow network and the
modeling of stack eﬀects. Cracks were assigned ref-
erence air mass ﬂow coeﬃcients based on the build-
ing permeability and the surface area, and air mass
ﬂow exponents were set to 0.66, as per Jones et al.
(2013). Windows and doors were modeled assuming
two-way ﬂow.
There are a number of studies that estimate indoor
PM2.5 deposition and penetration into the building
envelope. PM2.5 deposition was modeled using a depo-
sition rate of 0.19/h (Long et al., 2001), with a penetra-
tion factor of 0.8 when windows were closed and 1.0
when windows were open. These values were used to
perform an initial estimation of I/O ratios using a sin-
gle-compartment box model (Long et al., 2001), typi-
cal air change rates of UK dwellings (BRE, 2009), and
existing empirical studies of inﬁltration rates in the UK
(Hoek et al., 2008), giving conﬁdence that the values
were suitable for modeling UK dwellings. Penetration
factor and deposition rate of PM2.5 are also highly
dependent on particle size (Long et al., 2001); however
to simplify analysis, it was modeled as a single contam-
inant. Indoor pollutant levels and inﬁltration air
change rates (ACH) were calculated every minute and
output hourly.
Simulation of typical London dwellings. Two diﬀerent
scenarios were simulated to examine building perfor-
mance and the inﬂuence of occupant behavior:
Scenario 1: No occupant interaction with ventilation
components was modeled, and inﬁltration
was only due to the permeability of the
externally exposed facades of the dwell-
ings. The dwellings were heated to a set-
point of 20°C, and internal gains due to
occupant metabolism, hot water, and elec-
trical equipment modeled as per Mavrogi-
anni et al. (2012). Internal doors were
assumed to be open at all times, with the
exception of bedroom doors, which were
closed at night. This represents the base-
case performance of the building in terms
of pollutant ingress.
Scenario 2: Temperature-driven window opening by
building occupants. There are a number
of both static and adaptive standards that
can be used to estimate the temperature-
related comfort of building occupants (CI-
BSE, 2013). The CIBSE Guide A summer-
time thermal comfort standards deﬁne an
upper temperature threshold for comfort
of 25°C for living rooms and 23°C for
bedrooms (CIBSE, 2006). Internal tem-
peratures were calculated inside the dwell-
ing throughout the year. When internal
operative temperatures exceeded the CI-
BSE summertime thermal comfort stan-
dards for living rooms during the day
(07:00–22:00) or bedrooms during the
night (22:00–07:00), windows were opened
in the room. When internal temperatures
dropped below the thresholds, they were
closed. In both cases, the windows
remained closed if the external temperature
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was greater than the internal temperature.
Indoor heating and door-opening behav-
ior was modeled as per Scenario 1. While
there is a great deal of uncertainty when
modeling building occupant window-
opening behavior, the window opening
assumptions used are broadly in line with
existing ﬁeld studies of occupant behavior
(Dubrul, 1988; Fabi et al., 2012).
Data collation and analysis. Analysis of the hourly
indoor PM2.5 pollutant predictions of the EnergyPlus
models was carried out in SAS 9.3 (SAS Institute,
2013). Occupant exposure to indoor PM2.5 was con-
sidered to be dependent on the hourly room occupa-
tion schedule described in Shrubsole et al. (2012). A
script was written to import the EnergyPlus output
ﬁles and retrieve hourly PM2.5 levels from the room
occupied at that point in time. The script then calcu-
lated the hourly I/O ratio, and then the monthly,
hourly–monthly (the ratio for each time of the day,
averaged across the month), seasonal, and yearly
mean I/O ratio for the simulation period. The results
for the typical dwellings were summarized according
to the archetype and the occupation scenario. In
addition, yearly average ACH values were calculated
for the occupied rooms.
London experiences a signiﬁcant diurnal and sea-
sonal variation in outdoor PM2.5 levels. To account for
this, the mean hourly–monthly outdoor PM2.5 level
was obtained (London Air, 2014), and the percent
deviation of the temporal values from the background
mean calculated. These values were matched against
the calculated mean hourly–monthly I/O ratios and
used to calculate a temporally scaled I/O ratio for each
month and season of the simulation period.
Sensitivity analysis. To explore the sensitivity of the
model to variations in input parameters, a diﬀerential
sensitivity analysis (DSA) was performed for penetra-
tion factor, deposition rate, building permeability, ret-
roﬁt level, wind exposure, London climate, and
occupant window and door-opening behavior. The
methodology and results of the DSA are discussed fur-
ther in the Appendix S1.
GIS analysis
Geographical information systems (GIS) data were
used to map the spatial variation in the I/O ratio of
PM2.5 pollution based on the EnergyPlus results and to
calculate the absolute indoor concentrations due to
outdoor sources only based on predicted outdoor pol-
lution levels. GIS analysis was performed in ArcGIS
10.1 (ESRI, 2013). Data obtained for the research area
included the following:
• The GG Building Class topographic map, showing
building footprints and building data, such as age
and structure type (GG, 2013).
• Ordnance Survey (OS) Address Point data (OS,
2013), showing the number of domestic addresses
within each building footprint.
• Department for Environment Food and Rural
Aﬀairs (DEFRA) map of estimated outdoor annual
mean PM2.5 levels across London for 2010 (DE-
FRA, 2011) (Figure 3).
• Postcode and borough boundary information from
the UK Census (UK Data Service, 2013).
The GG Building Class database contains building
footprint, built form, and age data for the Greater
London Authority. Dwellings were ﬁltered from the
Building Class data to remove all non-domestic prop-
erties from the analysis. The Building Class database
Fig. 3 Estimated outdoor PM2.5 concentrations in Greater London for 2010 (DEFRA, 2011)
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was ﬁltered further to remove all dwellings that did not
have built form or age information, or that did not
match the archetypes used in this study. The remaining
dwellings accounted for 76% of the known London
domestic building stock (and 46% of the total domestic
stock), or around 1.5 million dwellings.
The OS Address Point layer was used to determine
the number of dwellings within a GG Building Class
building footprint, identifying buildings with multiple
occupancy. The Address Point layer was ﬁltered to
show only domestic addresses within the ﬁltered Build-
ing Class footprints. The building classiﬁcation data
from the Building Class database were joined to the
domestic address points through a spatial join.
The modeled I/O ratios for the diﬀerent building
archetypes for each scenario were joined to the Address
Point database based on the building archetype classiﬁ-
cations. The mean I/O ratios of the address points were
calculated for each postcode area using the Spatial
Overlay tool, and the results mapped to show diﬀerences
in I/O ratio for dwellings in postcodes across London.
The I/O ratios of dwellings were then used to scale
estimated outdoor concentrations of PM2.5 to predict
absolute indoor concentrations. The DEFRA map for
total annual mean outdoor PM2.5 concentrations from
all sources in the GLA was joined spatially to the
address point data. The local outdoor PM2.5 concen-
trations were then used to estimate average monthly
indoor concentrations due to outdoor sources only for
scenarios 1 and 2, based on the temporally scaled I/O
concentration ratios for each month and season, with
the assumption that the monthly variation in back-
ground PM2.5 levels was spatially consistent. The abso-
lute indoor concentrations were summarized by
calculating the mean monthly, seasonal, and yearly
indoor concentration in each postcode.
Results
Building simulation
An example of the monthly average I/O ratio for a
bungalow with trickle vents can be seen in Figure 4.
The simulation results showed a slight decline in the
PM2.5 I/O ratio in Scenario 1 during the summer per-
iod (May 1st–August 30th) relative to the winter per-
iod (Dec 1st–March 30th), largely attributable to a
drop in inﬁltration caused by a 18% decrease in aver-
age wind speeds over this period. Compared with Sce-
nario 1, Scenario 2 predicted an increase in average
monthly I/O ratio during the summer period when
windows were operable, exceeding winter levels. Sharp
short-term increases in the indoor pollutant concen-
trations could be seen under Scenario 2, with window
opening allowing the indoor PM2.5 levels to approach
the simulated ambient outdoor levels when internal
temperatures exceeded the 25°C threshold. Trickle
vents were observed to increase the I/O ratios in all
buildings.
The EnergyPlus results show a range of annual aver-
age I/O ratios of PM2.5 concentrations resulting from
external sources in dwellings across London
(Figure 5). Detached and semi-detached properties
with larger permeabilities showed higher amounts of
pollution inﬁltration into the indoor air, while ﬂats
showed a much lower I/O ratio of pollution. Opening
windows when temperatures exceed a comfort thresh-
old led to an increase in the I/O ratio in all building
archetypes, particularly in archetypes prone to over-
heating during the summer such as purpose-built ﬂats
(Mavrogianni et al., 2012). The yearly average ACH
for the archetypes can be seen in Table S2. The results
of the sensitivity analysis (Appendix S1) indicate that
Scenario 1 I/O ratios are highly sensitive to permeabil-
ity, penetration factor, and deposition rate, and less
sensitive to weather ﬁle, retroﬁt level, and occupant
window and door-opening behavior. Relative to Sce-
nario 1, Scenario 2 results were more sensitive to retro-
ﬁt level and less sensitive to permeability and
penetration factor, reﬂecting the inﬂuence of tempera-
ture-coupled window opening. The degree of parame-
ter sensitivity also varied between archetypes according
to the number of exposed external walls, the tendency
of buildings to overheat, and the cross-ventilation
potential of the dwellings.
GIS analysis
The results of the GIS analysis indicate that many of
the dwellings with a higher I/O PM2.5 ratio exist outside
of Central London (Figure 6). This is likely due to ﬂats
being the dominant dwelling type in the more densely
populated center, while detached and semi-detached
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properties are more commonly found in the outskirts
of the city. Interestingly, Figure 6 contrasts with many
outdoor pollution maps (for example, Figure 3), which
show elevated PM2.5 concentrations in Central Lon-
don. There is insuﬃcient building stock data to calcu-
late average I/O ratios for 9.8% of postcodes in the
research area. The majority of postcodes with insuﬃ-
cient data are located in Central London, where there
are low numbers of residential properties. For Scenario
2, window opening during summer reduced much of
the spatial variation seen in other seasons.
The results of the estimated indoor PM2.5 concentra-
tions scaled for the DEFRA estimated levels of out-
door pollution can be seen in Figure 7 (Scenario 1) and
Figure 8 (Scenario 2). Accounting for the modifying
eﬀect of buildings leads to an apparent inversion of the
risk of PM2.5 exposure when compared to estimates of
exposure based on outdoor concentration estimates.
Locations with detached and semi-detached dwellings
close to pollution sources, such as motorways, major
roads, and mainline train tracks, become apparent as
having high indoor PM2.5 levels from outdoor sources.
Maps showing the seasonal variation estimated abso-
lute levels can be seen in the Supplementary Materials
(Figure S1). These results indicate that despite an
increase in the inﬁltration due to window opening in
Scenario 2 during the summer, the lower outdoor
PM2.5 levels mean that the absolute indoor concentra-
tions are still higher during the winter.
Discussion
This work has shown how building simulation can be
used to determine the indoor PM2.5 concentration from
outdoor sources in a set of building archetypes, and
the results mapped to estimate population exposure in
indoor domestic environments. The diﬀerences in the
PM2.5 I/O ratios predicted by EnergyPlus show, in
some cases, a two-fold diﬀerence between dwelling
types, indicating the importance of considering the
potentially modifying eﬀect of the building envelope
when examining population exposure to air pollution.
Occupant behavior can also have a major inﬂuence on
exposure to outdoor pollution, with simulation results
indicating that window opening during hot weather
can cause spikes in indoor levels due to outdoor
sources of PM2.5. Higher inﬁltration during the sum-
mer due to window opening is consistent with existing
empirical studies (Hanninen et al., 2011). The results
reﬂect the fact that dwellings with a higher exposed
external surface area to internal volume ratio may be
more susceptible to higher indoor concentration levels
from outdoor sources.
The mapped results of the I/O ratios across London
indicate that areas in outer London have higher num-
bers of detached and semi-detached dwellings that are
more susceptible to outdoor pollution inﬁltration due
to their greater externally exposed surface-area-to-vol-
ume ratio. This is in contrast to outdoor pollution
data, which suggest that higher pollution levels can be
generally found in Central London and near major
roads and motorways. When PM2.5 I/O ratios are
scaled against outdoor levels, there is an apparent
inversion of exposure risk. The densely populated areas
of Central London have the lowest estimated levels of
indoor PM2.5 from outdoor sources despite the high
outdoor concentrations due to attenuation by the pre-
dominant built form (ﬂats and terraced dwellings) and
their lower fabric permeability. The worst-aﬀected
areas were those around a busy circular road (North
Circular) and along a major railway routes and high-
ways heading East and West. This study has focused
on London; however, the results may provide insight
into other urban areas with dense modern ﬂats in the
city center and older detached properties in the suburbs
or besides major traﬃc routes.
While there is a lack of empirical data for PM2.5 I/O
ratios or inﬁltration rate in UK dwellings, the results
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are consistent with previous research. The measure-
ments of PM2.5 in dwellings in Birmingham estimated
an inﬁltration factor of 0.37 (Hoek et al., 2008), within
the range of values obtained in the modeling work
detailed. Indoor PM2.5 measurements obtained by Na-
sir and Colbeck (2013) are similar in magnitude, but
are diﬃcult to compare directly with modeled results
without a schedule of indoor activities, an understand-
ing of the outdoor levels during the measuring period,
and building geometry and construction information.
Other UK studies have found I/O ratios close to or
greater than one due to the presence of indoor sources
(Jones et al., 2000; Lai et al., 2006). International stud-
ies have found inﬁltration factors ranging from 0.30 to
0.70 in European studies (Hanninen et al., 2011), and
0.30 to 0.82 internationally (Chen and Zhao, 2011);
these values are similar to the 0.33 to 0.60 (Scenario 1)
and 0.45 to 0.62 (Scenario 2) ranges predicted by our
model. The ACH of the archetypes (Tables S2) are sim-
ilar to those in empirical studies of UK dwellings
Fig. 6 Seasonal average I/O PM2.5 ratios for dwellings across London for Scenario 1 and Scenario 2
647
The modifying eﬀect of the building envelope
(AIVC, 1994; BRE, 2009; Dimitroulopoulou et al.,
2005; Warren and Webb, 1980), while the lower ACH
calculated for ﬂats and attached dwellings relative to
detached properties have been found in a number of
previous studies (e.g. Persily et al., 2006).
There are a number of limitations that need to be
considered in this work. While extensive, the coverage
of the Building Class database lacked built form and/
or age information for 32% of the dwellings in Lon-
don, and not all of the known dwellings had a
relevant archetype, which was modeled. Developing
building archetypes for each combination of built
form and age is unrealistic and would take a signiﬁ-
cant amount of time to simulate using currently avail-
able building simulation tools. The archetypes are
intended to represent average buildings in London
rather than a speciﬁc property, and deviations of
individual buildings from the nominal archetypes are
minimized when the results are considered over a
wider geographical scale – in this case, postcode. Mid-
ﬂoor ﬂats are assumed to represent the majority
dwelling type in multidwelling buildings and represent
an ‘average’ of potential stack eﬀects. It was not pos-
sible to model ﬂats at diﬀerent levels, as there is no
information on the vertical distribution of addresses
in the London building stock. The PM2.5 levels out-
side dwellings toward the top of the building are likely
to be lower than levels at the bottom due to the gen-
erally larger distance from outdoor sources and the
inﬂuence of local meteorology eﬀects, speciﬁcally
increases in wind speeds (Vardoulakis et al., 2008);
however, higher wind pressures may increase inﬁltra-
tion rates. All simulations were run with wind speeds
modiﬁed to reﬂect an urban terrain; however, terrain
Fig. 7 Estimated absolute indoor PM2.5 concentrations from outdoor sources, based on I/O ratio (Scenario 1) and estimated temporal
and spatial variations in outdoor concentrations. The inset shows outdoor concentrations from Figure 3
Fig. 8 Estimated absolute indoor PM2.5 concentrations from outdoor sources, based on I/O ratio (Scenario 2) and estimated temporal
and spatial variations in outdoor concentrations. The inset shows outdoor concentrations from Figure 3
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type in London varies from densely built central city
areas to less dense outer suburbs. The increased expo-
sure to wind forces in suburban areas is expected to
lead to higher I/O ratios and potentially an increase
in the apparent inversion of risk.
Internal sources are an important contributor to
indoor PM2.5 levels, but have not been included in this
study. While some building types allow higher levels of
outdoor PM2.5 inﬁltration due to a high ACH, such
buildings may also have a greater ability to allow
indoor-produced PM2.5 to exﬁltrate. This may mean
that occupants of diﬀerent building types may be
exposed to diﬀerent ratios of indoor-sourced to
outdoor-sourced PM2.5. The chemical and toxicologi-
cal proﬁle of indoor sources of PM2.5 may diﬀer from
that of outdoor sources, meaning that they may lead to
diﬀerent health eﬀects (Wilson et al., 2000).
Assumptions were also required in modeling the
occupant behavior in Scenario 2. Window-opening
behavior is complex, and indoor temperature is not the
sole driver. Furthermore, top-level ﬂats are more sus-
ceptible to overheating (Mavrogianni et al., 2012), a
fact which suggests that occupants may open windows
more frequently to reduce the internal temperatures
and therefore temporarily drive up indoor levels of out-
door pollutants.
Only domestic properties were modeled and mapped
in this study. While research suggests that people in the
London spend over 80% of their time indoors (Kor-
nartit et al., 2010), this includes time spent at work in,
for example, oﬃces, or engaging in leisure activities in
shopping malls and theaters. Nonetheless, epidemio-
logical analyses typically use the home postcode as an
indicator of exposure, and this research is able to oﬀer
insight into how their dwellings may inﬂuence this
exposure. This study has examined the indoor pollu-
tion levels throughout the day as an indicator of build-
ing performance and as such does not consider the fact
that certain socio-demographic groups may spend a
longer time than others in their home.
The modeling methodology used also carries with it
a number of uncertainties. The EnergyPlus airﬂow net-
work model is based on a validated airﬂow model, and
initial comparisons between it and the indoor air qual-
ity model CONTAM give conﬁdence in the results for
contaminant transport (Taylor et al., 2013). Air leak-
age paths were assumed to be distributed across all
bounding surfaces in the dwellings including party
walls, which were assumed to be fully permeable. In
reality, party walls may contribute up to 30% of air
leakage at 50 Pa pressure diﬀerential in UK dwellings
(Stephen, 2000). The calculated distribution of perme-
abilities for the EHS dwellings matched the measured
distribution from the research of Stephen (2000) when
the sheltering factor was included in calculations and
was slightly higher when sheltering was excluded.
Using the slightly higher values for buildings with
party surfaces (equivalent to 22.5% higher for ﬂats
with three bounding surfaces) and applying them only
to external walls, an attempt was made to compensate
for the diﬀerences in permeability between external
and party walls. However, further research is required
to understand the permeability of diﬀerent buildings
and surface types in the UK housing stock. Modeling
PM2.5 as a single contaminant is an important simpliﬁ-
cation and must be acknowledged.
Retroﬁt and airtightness measures, such as draught
prooﬁng, replacement windows, loft insulation, and
the sealing of suspended ﬂoors, can reduce the perme-
ability of a dwelling (Hong et al., 2004). There has
been a signiﬁcant focus on decarbonizing dwellings in
the UK by limiting the heat loss through the building
envelope. Building regulations specifying the air tight-
ness requirements for new dwellings, as well as retroﬁts
to reduce the permeability of existing structures, are
one of the means to achieve energy use reductions.
These measures will have the additional beneﬁt of
reducing pollutant inﬁltration into dwellings and
reducing the I/O ratios of outdoor pollutants.
While a number of assumptions were necessary for
this research, the results provide an insight into the
potential modifying eﬀects of the built form and build-
ing envelope on pollution inﬁltration in the London
dwelling stock. Further ﬁeld work is required to con-
ﬁrm the inﬂuence of built form and building perme-
ability on the inﬁltration of outdoor pollution indoors.
This research has implications for assessing the popu-
lation exposure to pollutants from outdoor sources
and can be used to supplement existing research into
indoor air quality in London. Future research will
increase the number of building archetypes to be rep-
resentative of the entire UK, while additional pollu-
tants will also be modeled from both outdoor and
indoor sources.
Conclusions
This analysis has mapped the potential indoor expo-
sure of the London population to diﬀerent PM2.5 levels
from outdoor sources based on domestic building
stock characteristics. The relative vulnerability of dif-
ferent dwellings to PM2.5 ingress has been demon-
strated, and dwelling stock databases used to indicate
areas where the stock is most vulnerable to high out-
door pollutant levels. This research indicates that ﬂats
have a reduced I/O ratio for PM2.5 from outdoor
sources when compared to detached and semi-detached
dwellings. The higher concentration of ﬂats in Central
London leads to an apparent inversion of exposure to
indoor PM2.5 from outdoor sources when compared to
estimates of exposure based on outdoor concentration
estimates. The results can provide insight into other
urban areas with spatial variations in building stock
and outdoor pollution levels.
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